Abstract
INTRODUCTION
In recent years, aluminium and its alloys have been considered to be the most widely used non-ferrous metals. Their use keeps increasing yearly owing to their favourable mechanical properties and relatively low weight.
Drilling is one of the most useful metal cutting processes used in various applications, such as aerospace, electronics, and automotive sectors. In traditional drilling methods, the thrust force, torque, tolerance, and tribology (surface roughness) are related to the cutting conditions and tool geometry [2] . Drilling is a very demanding operation since it has certain specifications which differ from milling and turning. The major difference includes a variable cutting speed along the main cutting edge, more difficult chip evacuation and poor access of fluids to the cutting area [3] .
During the drilling process of aluminium alloy, certain specifications are different from milling and turning. The major differences comprise: 1) a variable cutting speed along the main cutting edge, 2) more difficult chip evacuation, and 3) poor access of liquids into the cutting area. One of the problems is selection of a suitable cutting environment for drilling the aluminium alloy to ensure the required quality of the bore (mainly roughness and cylindricality).
Dry drilling of aluminium alloys (without using cutting fluids) is an environmentally friendly machining process, but also an exceedingly difficult task due to the aluminium tendency to adhere to the drills made of conventional materials such as the high-speed steel [4] .
Cutting fluids have been used extensively in deep hole machining operations to achieve the following results: 1) to force the chips back out of the deep hole as it is being drilled or bored; 2) to cool the cutting zone; and 3) to reduce friction and wear [5] , [6] .
Quality of the machined surface benchmarks the efficiency of machining processes in manufacturing industry [7] . Importance of cutting environment for metal machining keeps growing and posing significant impact on improving the quality of the workpiece surface and tool life, while reducing energy consumption [8] .
However, the current environmental and health concerns require from manufacturers to reduce the volume of their waste streams [9] . Dry machining process (i.e. machining without the use of metal removal fluids) satisfies the aforementioned circumstances for steel and other ferrous materials [10] , [11] but the dry machining of aluminium and especially the dry drilling of cast Al-Si alloys proved to be difficult due to adhesion of aluminium to the drill.
Therefore, choice of the cooling and cutting materials is an important factor. There is no unanimous opinion, which cutting material is advisable to choose. The most commonly used materials are carbides and diamonds. The adhesive effect is reduced by coating of drills. Our experimental procedure included drilling and subsequent measurement of roughness and cylindricity by changing the cutting environment and feed.
Surface quality is one of the most specified customer requirements, and surface roughness is the major indicator of the workpiece surface quality. Surface roughness is mainly the result of various controllable or uncontrollable process parameters, and it is difficult to achieve and monitor them. A considerable number of studies have examined the effects of cutting speed, feed, depth of cut, nose radius and other factors on the surface roughness [12] .
MATERIALS AND METHODS
Our experiment was performed in the Centre of Excellence of 5-Axis Machining at the Faculty of Materials Science and Technology in Trnava, Slovak University of Technology in Bratislava. A computer numerical control (CNC) milling machine centre DMG MORI 85 monoBLOCK was used [1] .
A cutting tool ( Figure 1 ) of twist drill 12 mm in diameter (marking -DH452120-1 produced by YG company) was used. Tool has universal application for bore drilling.
The tool was designed with the possibility of internal lubrication. That means, selected cutting environment was fed into the cutting area of the tool. Three new drills were used for machining operations. Parameters of the tool are shown in Table 1 . Table 2 shows chemical composition of Al-Mg-Si alloy, the workpiece material, which is extensively used in the defence and aerospace applications. Table 3 shows the machining parameters. Figure 2 at the length of 4 mm. The individual arithmetic mean was calculated for all the measured values for each hole to get one roughness value, resp. the arithmetic mean deviation of the profile for one hole.
The bore cylindricity was measured by Prismo 10 coordinate measurement machine. For the measurement and evaluation of the measured values, we used CALYPSO software. For the evaluation of cylindricity, 1041 points were scanned. The same procedure as in the case of roughness values was used.
Fig. 2 Three positions for measuring hole surface roughness
To obtain higher accuracy, a full factorial DOE (Design of Experiment) for two factors in three levels was used [13] , [14] . Table 4 shows the levels of process factors and their encoding. Table 5 shows the assignment of the two factors considered in three levels of the L9 orthogonal array with their values. 
RESULT AND DISCUSSION ON RESULTS
One of the ways of analysing and evaluating the results of the experiment, with respect to the multi-criteria optimization is to use methods of Desirability Function Analysis = DFA. The optimization method consists in defining the non-dimensional value called suitability coefficient (dG), while its margin expresses the interval <0; 1>. The application of this method as well as the related results are published in our previous article [1] .
Analysis of Variance (ANOVA) is a technique that allows considering various sources of variability in data. When measurements are repeated, there are always some deviations. These random deviations may cause that the significance of the differences between groups of repeated measurement will be more difficult to establish [15] .
The basic idea of ANOVA in this case is whether and how it may be statistically identified when divided into groups in the set of results of parallel determinations. The total variance of the summary data is the combination of variance between the groups and within the groups. ANOVA allows separating the different sources of variance and comparing partial variances mutually in order to determine whether the differences between them were statistically significant. Respectively, providing the answer to the question of whether different groups are representing selections from one basic set [16] .
The principle of the ANOVA lies in decomposition of the total variance (Sum of Squares Total = SST), which is expressed in sums of squares, to the intergroup, that is explained by the group (Sum of Squares Between = SSB), and the intragroup, thus an error (Sum of Squares Error = SSE) [17] .
Analysing of the experiment is based on the obtained values, where the result is illustrated by the analysis of desirability. Specifically, it uses the value of comprehensive suitability indices from Table 5 . Table 6 comprises the results, which were obtained by application of the previous formulas and calculations in the experiment. The obtained values indicate that the cutting environment has the significant impact on the surface roughness and cylindricity of the pattern. The percentage value of this factor is 77.37%. Using a suitably chosen cutting environment it is therefore possible to reduce the roughness and cylindricity values, which also leads to the actual improvement in the quality of the drilled bores. On the contrary, the percentage value of the impact of the feed factor is evaluated on the level of 8.13 %, suggesting that changes of the feed settings for a given process do not significantly affect the evaluated characteristics.
We cannot omit the percentage impact in the case of intragroup, resp. error variability with a value of 14.5 %. This value represents the fact that the process was also influenced by other phenomena which were not dealt with in this experiment, resp. were not under investigation, e.g. the impact of tool wear, quality of the sharpened tool, geometry and so on.
If evaluating test results by the test criteria it can be argued that a significant influence on the observed target function is just cutting environment. This argument reflects the fact that the calculated F comparative criterion for the cutting environment takes the value 10.67, which is greater than the tabulated value (6.94).
Therefore, it is possible to speak of the statistical significance of the mentioned input factor. Conversely, if the results of the test criterion for feed (1.12) are compared with the tabulated value of F-criterion (6.94), it can be argued that the input parameter is not statistically significant in the evaluation of target functions. And it is precisely because the calculated value is less than the tabulated value of F-test criteria.
CONCLUSION
The aim of the paper was to evaluate the influence of cutting environment and feed of drilling on the bores roughness and cylindricity. The multicriteria optimization of input factors (cutting environment, feed) following two defined functions (roughness and cylindricity) was demonstrated. Based on the ANOVA, it was comfirmed that contribution of cutting environment on bores quality is higher than that of feed of drilling. The results show 77.37 % impact of cutting environment and 8.13 % impact of feed on quality of machined bores. Using appropriately selected cutting environment, it is thus possible to reduce the roughness and cylindricity values, which also leads to the actual increase in the quality of the machined bores.
In future research, authors are going to focus on investigation of the cutting environment effects on the cutting edge microgeometry during the machining of difficult materials, such as Inconel super-alloy and stainless steel. Authors are also going to determine the influence of edge preparation on the tool life of cemented carbide drilling cutters and cemented carbide milling cutters.
